Drilling of the skull base bone without damaging the important inside structures and with the correct orientation is very difficult even with the help of the anatomical landmarks. Monitoring of the location and direction of the drill tip and indications of the removed part of the bone during the drilling procedure enhances safety and achieves less invasive neurosurgery. We have developed a novel cran ionavigator by combining a high-speed drill with a neurosurgical navigation system. To reduce the positional error to less than 1.5 mm, the position sensor (magnetic field sensor) must be attached 5 cm from the metallic fan portion of the drill and the sensor kept at least 10 cm away from the operating microscope. Simulation studies with the cranionavigator using two dried skulls and three cadaver heads were performed before clinical application. Clinically, this surgical instrument was used in four patients with the skull base tumor. The cranionavigator helped to safely drill the skull base bone in a shorter time by dynamic and real-time display of the precise operating site and extent of bone drilling on the preoperative computed tomography scans or magnetic resonance images. The cranionavigator is a very helpful instrument for skull base surgery in the hands of neurosurgeons with extensive expertise and anatomical knowledge.
Introduction
Frameless, stereotactic techniques have become more common and are now widely used in neu rosurgery and ear, nose, and throat surgery. 2-4,7,9.12,14,15) The combination of surgical tools and the neurosurgical navigation system may enable neurosurgeons to achieve easy and safe access to deep-seated lesions. Various types of neurosurgical navigation systems are available. The multi-joint arm-guided system3,15) is simple and reliable, but may restrict the surgical field and the surgical procedure. The acoustic detection systems) and the optical sen sor system 14) are very accurate, but spatial tracking can be interrupted when the light or sound path is blocked by the surgeon or surgical instrumentation in a crowded or deep surgical field, so continuous monitoring of surgical instruments is difficult. Thus, these systems are more suitable for tracking a microscope, endoscope, or pointing needle rather than a drill or suction tube in the center of the sur gical field. The computer-assisted neurosurgical navigation system (CANS Navigator) using the magnetic field modulation system allows real-time monitoring of surgical manipulation even in the crowded and deep surgical field of skull base sur gery. However, the detection system is disturbed by metallic instruments, particularly those made of iron. The CANS Navigator available in the market uses only a suction tube on which the magnetic field sensor is attached. The real-time monitor shows the surgical track, as the accumulation of the tip posi tions of the suction tube, and indicates the extent of the surgical manipulation. 
Technique
The three-dimensional digitizer in the CANS Navi gator (Shimadzu, Kyoto) is susceptible to interfer ence by metal conductors because of the induced magnetic fields.9) The influence of the metallic drill on the positional accuracy in the CANS Navigator was studied to determine the best position for at tachment of the sensor. The drill (Midas Rex, Fort Worth, Tex., U.S.A.) was positioned at various lo cations between the fixed magnetic source and sen sor to assess the effect on the measured coordinates of the sensor (Fig. 1) . The drill portion of the Midas Rex contains a metallic fan, which may affect the magnetic field of the navigation system. Positioning of this fan portion between the fixed magnetic source and sensor, especially in contact with the sensor, caused the maximum change in the mea sured coordinates of the sensor. However, this change was less than 1.5 mm when the fan portion was located more than 5 cm apart from the sensor (Fig. 1) . Based on these results, the sensor was at tached to the drill 5 cm from the fan (Fig. 2) . Fig. 1 Effect of the metallic high-speed drill on positional accuracy in the computer-assisted neu rosurgical navigation system (CANS Navigator; Shimadzu Co., Kyoto). The distance (d) error between the fixed magnetic source (A) and sensor (B) was minimum when the metallic fan portion (asterisk) of the drill, which affected the magnetic field, was more than 5 cm from the magnetic sensor (upper and lower). &mdash;: no placement of the drill between the source and sensor.
Simulation studies using two dried skulls and three cadaver heads were performed before surgical application. Four fiducial markers (colored pencil lead tip) were located on the dried skull surface or cadaver scalp at the midline parietal vertex, mastoid tip, nasion, and occiput, and then computed tomography (CT) scans were taken. The image data were transferred to the navigation system via an image scanner and stored in the computer. The dried skull or cadaver head was fixed with a May field skull clamp made of carbon fiber resin to which the magnetic field source is attached. Immediately before surgery, the position of the dried skull or cadaver head was calibrated by pointing to each fiducial marker in sequence with the calibration probe. Posterior retrolabyrinthine petrosectomy was then carried out under guidance from the combined CANS Navigator and high-speed drill. During the surgical procedure, the discrepancy between the real target position and the position on the CT scans was estimated for evaluation of the system accuracy ( Fig. 3) .
The mastoid antrum, even when poorly pneuma tized, could be confidently opened to expose the in side solid angle without damage to the labyrinth by drilling under cranionavigator guidance. The posi tion and direction of the drill tip could be monitored in real-time during the drilling procedure. The posi tions of the tip of the drill were recorded in memory and accumulated to form the &ldquo;surgical track,&rdquo; shown as red dots on the CT scans. Thus, the re moved part of the petrous bone was displayed as the accumulation of red dots on the CT scans (Fig. 3) . The positional discrepancy between the real targets and the CT scans was correlated with the distance between the magnetic source attached to the May field head clamp and the sensor mounted on the drill. However, the error was within 1.5 mm regardless of the depth as long as the cranionaviga tor was used in the operative field, and could be minimized to less than 1.5 mm by keeping the mag netic sensor more than 10 cm from the objective lens of the surgical microscope when using the drill. Other metallic surgical instruments such as the bipolar coagulator, suction tubes, spatulas, or retractor did not interfere with the accuracy of the CANS Navigator. Clinically, the cranionavigator was used in the treatment of four patients with skull base tumor (2 petroclival meningiomas, 1 trigeminal schwanno ma, and 1 frontal base lymphoepithelioma) using the Dolenc,5) petrosal,1) transpetrosal,10) and basal frontal approaches13) (Table 1) . Preoperatively, CT (bone window level) was performed after fixing small radiopaque markers to the four fiduciary points on the patient's head, and magnetic resonance (MR) imaging was performed after fixing spherical cap sules filled with enhancement material to the same points. In the operating room, the patient's head was fixed with the Mayfield skull clamp made of carbon fiber to which the magnetic field source was at tached and positional calibration carried out as be fore.
Case 1: MR imaging revealed a huge petroclival meningioma (Fig. 4 left) . Staged operations were planned for removal of the tumor. In the first sur gery, the anterior part of the tumor was removed through the combined Dolenc5) and Kawase ap proaches.10) The cranionavigator was very helpful for drilling the pathologically thickened sphenoidal ridge and temporal basal bone, and correctly iden tifying the location of the optic canal, the petrosal segment (C5) of the internal carotid artery, and trigeminal nerve (Fig. 5) . Removal of the anterior clinoid process, temporal fossa, petrous apex, and upper portion of the clivus were confidently ac complished with the cranionavigator by monitoring the location and direction of the drill tip. In the second surgery, the retrolabyrinthine transpetrosal approach was employed for removal of the residual posterior part of the tumor. The mastoid process and petrosal bone were safely and easily removed under guidance from an interactive surgical navigation system, with real-time identification of the location of the semicircular canals and fallopian canal.
Posterior petrosectomy successfully exposed the solid angle with the preservation of hearing and fa cial nerve function by keeping the inside labyrinth structures intact (Fig. 6) , and the residual tumor was subtotally removed except for the intracavernous portion (Fig. 4 right) . Case 2: Neuroimaging showed frontal extension of lymphoepithelioma.
The basal frontal approach13) was employed to remove the huge recurrent tumor extending into the frontal lobe from the nasal cavity through the frontal skull base and bordering laterally on the left optic canal. The cranionavigator was used to find and protect the left optic nerve, and to avoid the risk of disorientation in the nasal cavity. The cranionavigator was useful to optimize craniotomy design and enabled verification of the location of the drill tip in real-time on both the CT scans and MR images during the drilling procedure. Before resecting the skull base tumor and after drilling the anterior skull base, the magnetic sensor was attached to the suction tube. The extension of both bony drilling and tumor removal was displayed during the operation as shown by the surgical track (Fig. 7) . 
Discussion
Preoperative CT/MR imaging does not always indi cate the actual location of the lesion revealed during the intracranial operation, because the lesion may be displaced or distorted by operative procedures or cerebrospinal fluid flowout. However, skull base tumors like meningioma4) or chordoma and skull base bony structures are never displaced or distort ed. Therefore, neurosurgical navigation is a more useful adjunct in the operative management of patients with skull base lesions. Recently, com puter-assisted neuroendoscopy has been developed by adaptation of an image-guided stereotactic wand to a rigid neuroendoscope for surgery of intraven tricular11) and paranasal sinus lesions.6) However, correctly orienting and safely navigating an endo scope, even with direct visualization, may be difficult in some patients. In skull base surgery, even anatomical landmarks and detailed knowledge of individual anatomy cannot always help to correctly orient and navigate during the surgical procedure.
Positional accuracy is the biggest problem for neuronavigation systems. However, the error of our cranionavigator could be minimized to less than 1.5 mm by attaching the positional sensor on the Midas Rex drill 5 cm from the metallic fan portion and keeping the sensor more than 10 cm away from the objective lens of the surgical microscope.
The cran ionavigator could minimize the risk of iatrogenic neural and vascular trauma by guidance in the close vicinity of delicate structures at the skull base. The cranionavigator is helpful to make a minimal and precise craniotomy and to prevent inadvertent inju ry of the vital and delicate anatomical structures in the petrous bone during the drilling procedures of the skull base surgery. Attachment of the sensor to the various surgical tools allowed us to safely and confidently monitor surgical procedures in the pathological structures even when the normal anatomy was lost.
The surgeon's impression of the present four cases with skull base tumor indicated that the cranionavi gator was very useful for performing the operations strictly as planned preoperatively and for selecting the surgical route that avoids important structures. In Case 1, the surgeon had to refer to the cran ionavigator to find and identify the carotid artery and trigeminal nerve which were buried in the thickened temporal bone and to accomplish safe unroofing of the optic canal in the 1st operation, and to expose the solid angle with preservation of hear ing and facial nerve function by keeping the inside labyrinthine structures intact in the posterior petrosectomy.
In Case 2, the cranionavigator minimized the risk of optic nerve injury during the drilling the thickened frontal base. In Cases 3 and 4, the tracking of skull base drilling made it easier and safer for the surgeon to preserve the nerve function and to avoid inadvertent vascular injury. 
